what is known already: microRNAs are post-transcriptional regulators of gene expression which have been reported to be mis-expressed in endometriotic tissue. The exact pattern of expression and role of miR451 in endometriosis is currently unknown. study design, size, duration: Thirty women with endometriosis are included in the study. participants/materials, setting, methods: Matched eutopic (N ¼ 30) and endometriotic lesion tissue (N ¼ 43) were collected. miR-451, macrophage migration inhibitory factor (MIF), cyclin E1 (CCNE) and phosphatase and tensin homolog (PTEN) mRNA expression were examined by quantitative real-time (qRT)-PCR while MIF protein expression was evaluated by western blot analysis. miR-451 regulation of MIF in vitro translation was confirmed by 3 ′ untranslated region (UTR) reporter assays and western blot analysis. The effect of miR-451 on cell survival was assessed using a human endometrial epithelial cell line (HES).
Introduction
Endometriosis is a debilitating disease which affects as many as 10% of women of reproductive age and is characterized by primary complaints of pelvic pain, dysmenorrhea and infertility (Giudice and Kao, 2004) . Defined as the presence of ectopic endometrial stromal and glandular tissue, endometriosis is thought to develop via reverse menstruation of viable endometrial tissue into the peritoneal cavity. However, because almost all women of reproductive age exhibit some degree of retrograde menstruation (Halme et al., 1984; Liu and Hitchcock, 1986) , it is postulated that additional, yet unidentified, factors must contribute to the development and progression of the disease.
MicroRNAs (miRNAs) have been proposed to play a role in the pathogenesis of endometriosis but beyond initial characterization, our understanding on their role in this disease is just beginning to evolve. Defined as a class of small non-coding regulatory RNAs that regulate gene expression post-transcriptionally (Bartel, 2004; Vasudevan et al., 2007) , miRNAs have been implicated to play a vital role in cellular events, many of which are conducive to endometriosis development, including cell proliferation, invasion and apoptosis (Erson and Petty, 2008) . miRNA expression profiles have been established for endometriosis in both the disease tissue and eutopic endometrium as well as control patients (Pan et al., 2007; Ohlsson Teague et al., 2009; Filigheddu et al., 2010; Hawkins et al., 2011; Braza-Boïls et al., 2014) .
Of those miRNAs mis-expressed in endometriotic tissue, miR-451 is of specific interest. Based upon bioinformatic programs such as TargetScan and Miranda which predict miRNA targets, one of the proposed targets of miR-451 is macrophage migration inhibitory factor (MIF). MIF is a cytokine which is secreted by endometriotic cells in vitro and exhibits mitogenic activity promoting the growth of endothelial cells (Yang et al., 2000) as well as the ability to stimulate prostaglandin E2, cyclooxygenase-2 (Carli et al., 2009) , vascular endothelial growth factor, interleukin-8 and monocyte chemotactic protein-1 (Veillat et al., 2010) . These factors are all associated with a proliferative and angiogenic phenotype conducive to endometriotic establishment and/or growth. Further, in vivo evidence suggests that MIF is predominantly expressed in glandular epithelial cells of both eutopic endometrium (Arcuri et al., 2001; Kats et al., 2005) and robustly expressed in epithelium of active and early/stage I endometriotic lesions (Kats et al., 2005) with focal stromal staining in both tissue types. MIF levels are also elevated in the peritoneal fluid (Kats et al., 2002a,b) and peripheral blood (Morin et al., 2005) of women with endometriosis and MIF secretion is enhanced in peritoneal macrophages from women with the disease (Akoum et al., 2002) . Using mouse experimental models for endometriosis, we (Nothnick et al., 2011) and others (Khoufache et al., 2012) have demonstrated that the MIF antagonist, ISO-1 reduces endometriotic lesion size. Collectively, these data strongly suggest that MIF is associated with the pathogenesis of endometriosis.
Although expressed by endometriotic lesion tissue, the expression and function of miR-451 as related to endometriosis remains controversial. miR-451 was initially reported (Pan et al., 2007) as one of the most differentially expressed miRNAs between normal eutopic endometrium and both eutopic and ectopic endometrial tissue from women with endometriosis ( 2-fold lower in endometriosis subjects). However, a more recent study by Hawkins et al. (2011) reported that miR-451 expression was elevated in ovarian endometriomas compared with eutopic endometrium. Lastly, a recent study from our group (Nothnick et al., 2014) reported that absence of miR-451 is associated with a reduced ability of endometrial tissue to establish ectopically in a murine experimental model for endometriosis. Thus, there is uncertainty with respect to the expression and function of miR-451 in the pathogenesis of endometriosis. The objective of the current study was to examine the expression of miR-451 in endometriotic tissue and matching eutopic endometrium in a group of women with endometriosis as well as explore the relationship with its target transcript MIF. Further we evaluated the functional role of miR-451 in mediating MIF expression and cell proliferation.
Materials and Methods

Human subjects and tissue acquisition
The study was approved by the institutional review boards of both the University of Kansas Medical Center and Cleveland Clinic. Written informed consent was obtained prior to surgical removal of endometriotic lesion tissue and endometrial biopsies.
Women with endometriosis who presented with pelvic pain due to failed previous endometriosis treatment and were undergoing surgical removal of endometriotic lesion tissue were enrolled. A total of 30 subjects were enrolled (Table I) with an average age of 33.7 years (range 21 -40; median 34 years of age). Of these, 8 subjects were classified with stage I/II endometriosis (1 in the menstrual stage of the menstrual cycle, 3 in the proliferative phase, 1 in the secretory phase and 3 not exhibiting cycles) while the remaining 22 were classified with stage III/IV (1 in the menstrual phase of the menstrual cycle, 3 in the proliferative phase, 13 in the secretory phase and 5 not exhibiting menstrual cycles). Endometriosis classification was done according to the American Society for Reproductive Medicine guidelines (Canis et al., 1997) .
The majority (28/30) of patients were currently taking (or had taken within the past 3 months) anti-inflammatory regimes for pain while the remaining 2 of the 30 patients were on no medications. No subjects had taken GnRH analogs within the previous 3 months prior to surgery. A total of 30 endometrial biopsies (eutopic endometrium) and 43 endometriotic lesions were collected. The number of lesions obtained from the same subject ranged from 1 to 4. When multiple endometriotic lesions were obtained from the same patient, these lesions were treated as independent observations as endometriotic lesions are postulated to be heterogeneous within the same patient (Howell et al., 1994) . All specimens were collected by the same surgeon (TF) at Cleveland Clinic with emphasis on minimizing sample contamination from underlying/surrounding non-endometriotic lesion tissue. To do so, endometriotic lesions were excised and sent to pathology for confirmation of endometriosis, which was defined as the presence of endometrial glands and stroma. Tissue was excised using sharp scissors with no energy. During the excision the underlying tissue was separated from the lesion tissue. A portion of the same sample lesion which was sent for endometriosis confirmation by a pathologist was utilized for research. Location of the site from which the endometriotic lesion(s) was/were excised was noted (Table I) . Research samples were immediately snap-frozen, stored at 2808C and then shipped to the University of Kansas Medical Center. Samples were subjected to RNA and protein extraction followed by quantitative real-time (qRT)-PCR and Western analysis, respectively, as described below. As no difference in MIF mRNA, protein or miR-451 expression was noted among stages of the menstrual cycle, stages of endometriosis or influenced by medications, data were collapsed and analyzed as ectopic versus eutopic tissue for MIF mRNA and protein as well as miR-451 expression.
Role of microRNA-451 in endometriosis mRNA and miRNA qRT-PCR QRT -PCR was performed as previously described (Nothnick and Healy, 2010; Nothnick et al., 2011 Nothnick et al., , 2014 . Briefly, total RNA was isolated using Tri-Reagent (Sigma Chemical Co., St. Louis, MO, USA) according to recommendations of the manufacturer. Total RNA (1 mg in 20 ml) was reverse transcribed using reverse transcription (RT) kits (Applied Biosystems; Foster City, CA, USA) following the manufacturer's protocol. Primers for macrophage migration inhibitory factor (MIF), cytokeratin 18 (variants 1 and 2; KRT18v1 and KRT18v2, respectively), phosphatase and tensin homolog (PTEN) and cyclin E1 (CCNE1) were designed using Primer-Blast and synthesized by Integrated DNA Technology (IDT, Coralville, IA). Sequences for the human MIF (NM_002415) primers were: forward, 5
′ -GCGCCTGCGCA TCAG-3 ′ and reverse, 5
forward, 5 ′ -AGCCTCGAGGGCCAACAAC-3 ′ and reverse, 5
′ , and reverse, 5 ′ -GGTCACGTTTGCCT TCCTCT-3 ′ . Resulting material was then used for independent qRT -PCR. qRT -PCR was carried out on an Applied Biosystems HT7900 Sequence Detector. To account for differences in starting material, human 18S primers and probe reagents were used for MIF and values were expressed as fold change from the indicated control.
To assess miR-451 expression, miRNA kits for miR-451 (now designated miR-451a) were purchased from Applied Biosystems. Total RNA (250 ng in 5 ml) was reverse transcribed using RT kits (Applied Biosystems) following the manufacturer's protocol with the following modifications. Briefly, miRNAs were reverse transcribed in a single reaction using LNorg, L-norgestimate + ethinyl estradiol; R, ranitidine; P, prednisone; OA, oxycodone-acetaminophen; DS, docusate sodium; I, ibuprofen; F, fluoxetine; MV, multivitamins; GC, glucosamine-chondroitin; Pro, promethazine; Na, naproxen; PreV, prenatal vitamins; H, hydromorphone; M, meclofenamate; L, loratadine; Oxy, oxybutynin; PG, polyethylene glycol; A, albuterol; Ond, ondansetron.
2 ml of each miRNA specific 5X RT primers. Resulting material was then used for independent qRT -PCR for each miRNA. To normalize for starting material, a reverse snRNA U6 was included in the miRNA RT reactions and qRT -PCR of U6 was performed. qRT-PCR reactions were completed on a 7900 HT Sequence Detection System (Applied Biosystems). All samples were run in triplicate and the average value used in subsequent calculations. The 2-delta-delta CT method was used to calculate the fold-change values among samples as previously described by our group (Nothnick and Healy, 2010; Nothnick et al., 2011 Nothnick et al., , 2014 . All data are displayed as the mean + SEM. 
Western analysis
Cell culture and transfection for reporter assays
The human endometrial epithelial cell line (HES) was provided by Dr. Douglas Kniss (The Ohio State University, Columbus, OH, USA; Kniss et al., 1997) . HES cells were selected as the experimental model due to their expression of MIF mRNA and protein, relatively low level of miR451 expression (allowing minimization of competition with endogenous miR451 in our experiments) and transfection efficiency (unpublished observations). HES cells were cultured in phenol red-free Dulbecco's Minimum essential medium (DMEM)/Ham's F12 (Sigma Chemical Co.) + 10% charcoal stripped FBS (Atlanta Biologicals, Atlanta, GA, USA) + Pen-Strep (Sigma Chemical Co.; media referred herein as complete media) in T75 flasks and seeded at 1 × 10 6 cells/ml of media until 90% confluency. Cells were then passed and plated in 6-or 24-well plates at a density of 1 × 10 5 cells/ ml in DMEM/Ham's F12 media lacking FBS and Pen-Strep. The next day, cells were transfected as described below for each specific experiment.
To assess the impact of miR-451 on MIF protein expression, HES cells were transfected with 30 nM of pre-miR451 (pre451; Life Technologies/ Ambion, Inc., Grand Island, NY, USA) or a non-targeting mimic (NTmimic, negative control; Life Technologies/Ambion, Inc.) using Lipofectamine 2000 (Life Technologies, Inc.) according to the recommendations of the manufacturer. Cells were cultured for 24 h and 48 h after which an aliquot of cells were prepared for miRNA isolation and miR-451 expression was verified by qRT -PCR as described above. Remaining cells were prepared for Western analysis of MIF protein as described above with the exception that cell lysis buffer (catalog #9803 from CST) was used in place of RIPA buffer. ′ UTR-mutant, a control vector containing firefly luciferase (0.05 mg; pGL3-Promoter; Promega Corp., Madison, WI, USA) plus either pre-miR-451 mimic oligonucleotide (451 mimic) or non-targeting (NT) mimic controls (30 nM each) using Lipofectamine 2000. All cells were cultured in 24-well plates for 24 h at 378C after which both Renilla (reporter) and firefly (control for transfection efficiency) luciferase activity was determined using the Dual Luciferase reporter assay system following the protocol supplied by Promega.
Luciferase reporter assays
Assessment of cell proliferation/cell survival
To determine if miR-451 modulates endometrial epithelial cell survival, HES cells were reverse transfected with pre-NT or pre-miR-451 mimics using siPORT TM NeoFX TM transfection agent (Life Technologies/Ambion, Inc.). Briefly, mimics (30 nM final concentration) were mixed with transfection reagent and placed into wells of 6-well plates. HES cells (1 × 10 5 cells in 1.8 ml of complete media) were over-layed onto the transfection reagent (0.2 ml volume) and then cultured for 24 -48 h in 6-well plates. At the indicated time point, medium was removed and the percent of dead (nonattached) cells was assessed. Attached (viable) cells were harvested by mild trypsin digestion and an aliquot was subjected to trypan blue dye exclusion to assess cell viability and total cell number. All assessments were in duplicate. A separate group of cells which were transfected with pre-miR-451, pre-miR-NT mimic or media alone were subjected to RNA isolation and qRT -PCR quantification to assess miR-451 transfection and liberation of mature miR-451 expression.
To further demonstrate that the miR-451 target, MIF, may be at least partially responsible for mediating endometrial epithelial cell survival, we conducted an additional experiment in which HES cells were treated with increasing doses (1, 5, 10, 50 or 100 mM) of the MIF antagonist, ISO-1 (R&D Systems, Inc./Tocris Chemicals, Minneapolis, MN, USA) or vehicle (DMSO; Sigma Chemical Co.).
Statistical analysis
All data were analyzed using GraphPad Instat 3 (GraphPad Software, Inc., La Jolla, CA, USA). All data from human eutopic endometrium and endometriotic lesion samples were expressed as fold change from matched eutopic endometrial controls (ectopic/eutopic). Matched eutopic control values were expressed as the mean + SEM which was determined by averaging baseline expression of each eutopic endometrial sample. Once the mean values were calculated for eutopic and ectopic end-points, data were then subjected to normality tests and those which were not considered normally distributed were analyzed using non-parametric tests. Specific data analysis methods are provided in each figure legend for lesion and eutopic endometrium (unpaired t-test or Mann-Whitney test). For in vitro cell culture studies, one-way ANOVA was used for comparison across treatment groups. When an F test indicated statistical significance, post hoc analysis was made using the Tukey honest significant difference procedure. Significance was set at P , 0.05 for all comparisons.
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Results
MIF mRNA and protein expression in endometriotic tissue
We first analyzed miR-451, MIF mRNA and MIF protein expression based upon stage of menstrual cycle, stage of endometriosis and current medications. In all assessments, data did not display normal distribution and were therefore analyzed using non-parametric tests (as specified in each table). No significant differences in miR-451, MIF mRNA, or MIF protein expression were detected based upon stage of the menstrual cycle (Supplementary Table SI) , stage of endometriosis (Supplementaryl Table SII ) or influence of medications such as oral contraceptives or anti-inflammatory agents (Supplementary Table SIII) . Based upon these analyses, data were collapsed and analyzed as ectopic versus eutopic tissue for miR-451, MIF mRNA and MIF protein expression. miR-451, MIF mRNA and MIF protein expression was variable not only among patients but also in ectopic lesion tissue within the same subject. Overall, compared with eutopic endometrial tissue, ectopic tissue exhibited significantly higher levels of miR-451 (Fig. 1A ) which was associated with both lower levels of MIF mRNA (Fig. 1B) and MIF protein (Fig. 1C) expression. To verify that changes in MIF or miR-451 transcript levels in endometriotic lesion could not be attributed to differences in the proportion of epithelial cells (the predominant source of both MIF and miR-451) among lesions and corresponding endometrial biopsies, we examined the expression of cytokeratin 18 (KRT18 variant 1; KRT18 variant 2 was expressed at very low levels and therefore not evaluated). There was no significant difference in the level of KRT18v1 expression between eutopic endometrium and corresponding ectopic tissue (P . 0.05; data not shown). The observation that KRT18v1 levels were essentially similar between tissue types and that the pattern of miR-451 (increased) and MIF (decreased) was not associated with the expression pattern of KRT18v1 expression suggested to us that the significant changes in MIF and miR-451 expression in lesion tissue were not due to an enrichment or reduction in the proportion of epithelial cell content compared with eutopic tissue.
The observation that miR-451 over-expression was associated with significantly lower levels of MIF mRNA and MIF protein suggested that Figure 1 Endometriotic lesion microRNA-451 (miR-451) expression is elevated and inversely related to macrophage migration inhibitory factor (MIF) mRNA and protein expression compared with matched eutopic endometrium. Matched endometriotic lesion and corresponding eutopic endometrial tissue was processed for RNA isolation and (A) miR-451 and (B) MIF mRNA were examined by qRT -PCR while (C) MIF protein was evaluated by western blot analysis as described under 'Materials and Methods'. Data are displayed as the mean + SEM and P-values are indicated for each assessment. In total, 30 eutopic endometrial samples and 43 corresponding endometriotic lesion samples were analyzed for miR-451 and MIF mRNA, while 29 eutopic endometrial samples and 40 corresponding endometriotic lesion samples were analyzed for MIF protein expression. Data for miR-451, MIF mRNA and MIF protein did not pass normality testing and were therefore analyzed using the non-parametric Mann-Whitney test. Fig. 2A ) as well as pre-miR-451 mimics. Analysis of Renilla luciferase activity indicated that ectopic expression of miR-451 inhibited the expression of the reporter vector containing wild-type MIF 3 ′ UTR but not the reporter vector containing the mutation of the seed miR-451 binding site (Fig. 2B ). Forced expression of the negative control pre-miR-NT mimic had no effect on luciferase activity in cells transfected with either the wild-type or mutant MIF-3 ′ UTR constructs (Fig. 2B) demonstrating specificity of the effect.
miR-451 down-regulates MIF protein levels by decreasing MIF transcript
As the reporter assays (Fig. 2) Forced expression of miR-451 but not that of the NT mimic was associated with a significant decrease in MIF transcript (Fig. 3A) and protein expression (Fig. 3B) . Transfection of HES cells with pre-miR-451, but not with non-targeting mimics (NT-mimic) led to increased miR-451 expression as confirmed by qRT -PCR (data not shown). Collectively, these data suggested that MIF is a direct target of miR-451 and that the down-regulation of MIF may occur via inhibition of translation through degradation/reduction in transcript expression.
miR-451 reduces cell survival which may be attributed to MIF levels
To this point we had established that human endometriotic lesion expresses reduced levels of MIF transcript and protein and that the down-regulation may be due to elevated miR-451 expression. As MIF has been proposed to be a cell survival factor and miR-451 has been ′ UTR of MIF is highlighted in bold and underlined. This sequence was mutated in the 3 ′ UTR of MIF to provide a negative control demonstrating specificity of binding (mutated sequence is highlighted in bold and broken underline). (B) Luciferase assays were conducted as described in 'Materials and Methods'. Pre-miR-451 significantly reduced Renilla luciferase activity in cells transfected with wild-type 3 ′ UTR MIF construct, but not in cells transfected with the mutated 3 ′ UTR of MIF. Pre-miR-NT had no effect on Renilla luciferase activity in cells transfected with either the wild-type or mutant 3 ′ UTR MIF reporter constructs. Data are displayed as the mean + SEM and are representative of four separate experiments (N ¼ 4). Different letters indicate statistically significant different means within miR between 3 ′ UTR type while asterisk (*) indicates statistically significant different means within 3 ′ UTR type between pre-miRs. Data were analyzed using unpaired t-tests.
associated with inhibition of proliferation, we next wished to determine if the elevated miR-451 expression in ectopic endometriotic tissue may be an endogenous mechanism to minimize lesion survival and growth.
To test this hypothesis, HES cells were transfected with pre-miR-451 and cell survival/proliferation was assessed. We elected to perform cell count/trypan blue exclusion assays to allow concurrent assessment of viable and dead cells in the same sample. Forced expression of miR-451 was associated with a reduction in total cell number 48 h after transfection (Fig. 4A ). To confirm that MIF was at least in part responsible for the miR-451 modulated cell survival, we performed an additional experiment in which HES cells were cultured for 48 h in the presence of increasing concentrations (0, 5, 10, 25, 50 or 100 mM) of the MIF antagonist, ISO-1. As our current study indicated that HES cells express high levels of MIF (upwards of 75 ng/ml by ELISA assessment) in culture, we postulated that inhibition using the MIF antagonist, ISO-1, may be the most efficient way to evaluate the ability of MIF to regulate cell survival as opposed to adding recombinant MIF protein to the cell cultures. As depicted in Fig. 4B , ISO-1 administration significantly decreased cell survival/total cell numbers at both the 50 and 100 mM concentrations. Taken together, we interpret these data to suggest that miR-451, through suppression of MIF translation, minimized cell survival and that elevated expression of miR-451 by endometriotic lesion tissue may be a compensatory mechanism to limit lesion tissue/epithelial cell survival in vivo.
Cyclin E1 and PTEN are inversely expressed in endometriotic lesion tissue and their expression pattern is indicative of repressed proliferation
Based upon the in vitro observation that miR-451 and MIF are associated with cell proliferation/survival (Figs. 3 and 4) , we examined lesion expression of cell proliferation marker cyclin E1 (CCNE1) and tumor suppressor, PTEN in those samples that were initially analyzed for miR-451 and MIF expression (Fig. 1) . It should be noted that neither CCNE1 nor PTEN are postulated direct targets of miR-451 and as such, we selected these as independent markers of cell survival (Nakayama et al., 2010) and apoptosis (Yin and Shen, 2008) , respectively. CCNE1 expression was significantly lower in endometriotic lesion tissue compared with that of matched endometrial samples (Fig. 5A) . In contrast, expression of the pro-apoptotic factor, PTEN was significantly elevated in endometriotic lesion tissue compared with eutopic endometrium (Fig. 5B ). This pattern of expression is consistent with a reduction in cell proliferation as is the earlier observations of increased miR-451 expression (Fig. 1A) and reduced MIF expression (Fig. 1B and C) .
Discussion miR-451 is a microRNA which is viewed largely as a tumor suppressor, preventing cell migration, proliferation and survival of carcinoma cells of human glioma (Nan et al., 2010) as well as those of gastrointestinal, nasopharyngeal, breast, liver and lung origin (Bandres et al., 2009; Wang et al., 2011; Bergamaschi and Katzenellenbogen, 2012; Liu et al., 2013 Liu et al., , 2014a Lv et al., 2014) . The first characterization of miRNA expression in endometriotic lesion tissue suggested that miR-451 expression was significantly reduced in endometriotic lesions compared with eutopic endometrium (Pan et al., 2007) . However, a more recent study indicated the opposite, with miR-451 being higher in lesion tissue (Hawkins et al., 2011) . Potential sources of the discrepancy may be due to the type of lesion assessed, with only ovarian endometriomas being assessed in the study by Hawkins et al. (2011) , while lesion type was not specified in the study by Pan et al. (2007) . Further, the study by Hawkins and colleagues compared ovarian endometriomas to eutopic endometrium from a separate set of control eutopic endometrium (not matched to the same patient), where the study by Pan et al. (2007) compared lesion expression to eutopic endometrium to matched controls. In our study, we compared ectopic expression to matched eutopic endometrium from the same patient and assessed as well as specified the type (peritoneal, ovarian endometrioma) of lesion for each patient. We found no difference in miR-451 or MIF expression based upon type (peritoneal, ovarian endometrioma) of lesion. Based upon our current study, we propose that endometriotic lesion miR-451 is heterogeneous and reflects the proliferative state of the lesion (discussed in the following paragraphs).
One of the first reported targets of miR-451 that was shown to influence cell proliferation/survival was macrophage migration inhibitory factor (MIF; Bandres et al., 2009) . MIF is expressed primarily in endometrial epithelial cells in eutopic endometrium (Arcuri et al., 2001; Kats et al., 2002a,b) and epithelium of active and early/stage I endometriotic lesions (Kats et al., 2002a,b) . While expression of MIF in early stage, active lesions support the notion that MIF has a positive influence on cell proliferation/survival, this study did not compare MIF expression to a control tissue for reference such as eutopic endometrium. A functional role for MIF in survival of ectopic endometriotic lesions was more recently supported using experimental rodent models for endometriosis which incorporated the MIF antagonist, ISO-1 (Nothnick et al., 2011; Khoufache et al., 2012) . These observations, coupled with data from the and corresponding eutopic endometrial tissue was processed for RNA isolation and (A) CCNE1 and (B) PTEN mRNA were examined by qRT -PCR for the same samples analyzed and displayed in Fig. 1 . Data are displayed as the mean + the standard error of the mean (SEM) and P-values are indicated for each assessment for 30 eutopic endometrial samples and 43 corresponding endometriotic lesion samples. Data for CCNE1 and PTEN mRNA did not pass normality testing and were therefore analyzed using the non-parametric Mann-Whitney test.
Role of microRNA-451 in endometriosis literature, suggest that MIF may play a role in endometriotic lesion cell survival; a concept which is further supported by both the in vitro and in vivo data obtained in the current study.
In the current study our in vitro experiments demonstrated that both reduction of MIF expression (by pre-miR-451 transfection) and function (using the MIF antagonist, ISO-1) suggest that MIF contributes to cell survival. In vivo assessment of endometriotic lesion MIF expression, compared with matched eutopic endometrium, revealed that the relative level of MIF expression was inversely related to the level of miR-451 expressed and that this pattern of expression was consistent with suppressed proliferation/survival as CCNE1 (proliferation/survival) was decreased and PTEN (suppressor of proliferation) was increased. It should be noted that neither CCNE1 nor PTEN are direct targets of miR-451 (based upon TargetScan 6.2 and other computational modeling systems). We hypothesized that analysis of these markers would allow for an independent assessment of the state of lesion survival/apoptosis independent of miR-451 expression.
The mechanisms which lead to altered miR-451 and/or MIF expression in endometriotic tissue remain largely unknown. In the current study we included all subjects which underwent surgical removal of endometriosis due to persistent and/or failed pain management. As such, our study population included subjects on oral contraceptives (OCPs) and/ or non-steroidal anti-inflammatory drugs (NSAIDs) for pain management. Initial analysis of data by treatment (OCPs, NSAIDs, or no medications) did not reveal a statistically significant impact on our end-points based upon treatment group. This observation may suggest that these factors do not influence miR-451 and/or MIF in vivo or, that in these patients these medications are ineffective for modulating expression of these factors as well as the pain associated with the disease.
With respect to OCPs which contain synthetic estradiol and/or progestins, miR-451 has been shown to be up-regulated in murine endometrium in vivo by both estrogen and progesterone (Nothnick and Healy, 2010) and this induction can be blocked with estrogen and progesterone receptor antagonists (Nothnick and Healy, 2010) . Similarly, the estrogen receptor antagonist, tamoxifen suppresses miR-451 expression in breast cancer cells in vitro (Bergamaschi and Katzenellenbogen, 2012) , while the ability of progesterone to modulate miR451 expression in human cells or tissue is yet to be reported. Beyond these two reports, very little is known with respect to steroidal regulation of miR-451 expression either in vivo or in vitro.
In contrast to miR-451, regulation of MIF by estrogen is wellestablished with the majority of the research coming from the field of wound healing. Estrogen was first reported by Ashcroft et al. (2003) to down-regulate MIF expression in wounded tissue and a similar effect has been described in colon (Houdeau et al., 2007) . Progesterone has been reported to increase MIF expression in rat colon (Houdeau et al., 2007) as well. Collectively, steroidal regulation of miR-451 and to a lesser extent, MIF, lacks detailed assessment. Currently, we are assessing steroidal regulation of both endometriotic lesion cell miR-451 and MIF in vitro to further define the mechanisms by which these factors are regulated in endometriotic lesion cells and tissue.
The ability of NSAIDs to modulate MIF expression and/or action appears to vary by experimental model. In vitro, NSAIDs such as aspirin and NS398 have been shown to decrease both MIF mRNA and protein in Eca-109 esophageal squamous carcinoma cells (Xia et al., 2005) , while acetaminophen reduces MIF (tautomerization) activity (Altinoz and Korkmaz, 2004) . Indomethacin, in contrast, increased gastric MIF expression in BALB/c mice in vivo (Ohkawara et al., 2011) while celecoxib treatment of patients with depression did not alter MIF levels compared with placebo treatment (Musil et al., 2011) . While it is recognized that MIF is induced by, and associated with inflammation, (Asare et al., 2013) , the ability of anti-inflammatory agents to modulate MIF expression appears inconclusive at this point.
The role of miR-451 in inflammatory conditions is less well understood as is its modulation by inflammatory mediators. Zhang and colleagues reported that miR-451 is one of several miRNAs whose expression is up-regulated in activated (polarized) murine macrophages (Zhang et al., 2013) , but a more recent study examining neutrophils derived from patients with autoimmune arthritis revealed significantly lower levels of miR-451 compared with neutrophils from healthy control patients (Murata et al., 2014) . Rosenberger and colleagues (Rosenberger et al., 2012) recently reported that miR-451 is up-regulated in murine dendritic cells infected with influenza. Further treatment of primary splenic dendritic cells with miR-451 antagomirs resulted in significantly greater secretion of inflammatory cytokines such as interleukin-6, tumor necrosis factor alpha, RANTES and MIP-1 alpha, suggesting that miR-451 may functionally regulate their expression. Information pertaining to NSAIDs regulation of miR-451 is limited to a single report which demonstrated that NSAIDs can partially off-set miR-451 induced cardiomyocyte survival . Thus, when we take into account the information in the literature coupled with the current findings in our study (no significant differences in miR-451 or MIF expression in those patients taking OCPs or NSAIDs), it appears that the detected differences in these end-points are due to inherent differences in the endometriotic tissue and not associated with modulation of steroidal or inflammatory pathways which may be respectively associated with OCP and NSAIDs use.
In summary, endometriotic lesion miR-451 expression was significantly elevated while MIF expression was significantly lower compared with matched eutopic endometrial tissue. In vitro analysis revealed that miR-451 reduced MIF mRNA levels and protein translation by targeting the 3 ′ UTR of MIF. Forced expression of miR-451 resulted in reduced MIF protein levels and cell survival. The role of MIF in cell survival was confirmed independently using a MIF antagonist. Lastly, elevated miR-451 and reduced MIF was associated with reduced cell proliferation as CCNE1 expression was reduced and PTEN elevated in endometriotic lesion tissue. From these observations, we propose that within the context of endometriosis pathogenesis, elevated miR-451 may function to regulate MIF expression in an attempt to curtail endometriotic lesion tissue/cell survival. In contrast, lesions which express low levels of miR-451 and elevated MIF may be more apt to survive. The potential of a switch from low level to elevated expression of miR-451 and modulation of MIF expression as a mechanism to limit survival during the lifespan of endometriotic lesions is currently being explored.
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